Single crystals of YbAlB 4 were grown in excess Al flux. Plate-and needle-shaped crystals were found. The plates are found to be -YbAlB 4 , which crystallizes with the ThMoB 4 structure type in space group Cmmm (No. 65), Z ) 4, with lattice parameters of a ) 7.3080(4), b ) 9.3150(5), and c ) 3.4980(2) Å. The needle-shaped crystals were identified as the first form of YbAlB 4 which crystallizes with the YCrB 4 structure type in space group Pbam (No. 55), Z ) 4, with lattice parameters of a ) 5.9220(2), b ) 11.4730(3), and c ) 3.5060(5) Å. While both compounds have heavy fermion ground states with Isinglike magnetic anisotropy, the electronic specific heat coefficients (γ) differ. The -phase has a γ value near 300 mJ mol
Introduction
Ytterbium compounds show a wide range of physical properties. Ytterbium can possess either an f 13 or f 14 electronic configuration according to Hund's rules; thus, mixed valence behavior has been observed in many Yb-based intermetallic materials, such as Yb 3 3 Magnetic ordering of Yb compounds is rare because the divalent oxidation state of Yb corresponds to a closed shell f 14 electronic configuration. However, valence fluctuations are possible and have been observed in pnictides of Yb. 4 It is possible to access the Yb 2+ and Yb 3+ states as a function of temperature and pressure, in part, due to the small energy difference between Yb 2+ and Yb 3+ .
Mixed valence behavior is closely associated with heavyfermion compounds. Most of the known heavy-fermion compounds bear a magnetic moment due to the contribution of f-electron density from Ce or U. At low temperatures, the strong coupling between the f-electrons and the conduction electrons results in a large electronic effective mass with the electronic specific heat coefficient γ of the order 10 2 mJ/mol K 2 . [5] [6] [7] Although Yb-based heavy fermion compounds are lacking in the literature, a few have been studied. One example is YbAgCu 4 , which is a member of the YbMCu 4 series where the M site can be replaced by a variety of transition metals, including Ag, Au, and Zn. 8 YbAgCu 4 is a moderate heavyfermion compound with γ > 200 mJ mol -1 K -2 and shows no magnetic ordering; in YbAuCu 4 , RKKY interactions dominate long-range ordering below 1 K. For M ) Zn, no magnetic ordering has been observed above 300 mK. A qualitative comparison of the physical properties leads to the conclusion that M elements with more electrons favor Yb 2+ while M elements with fewer electrons favor Yb 3+ . Another example is YbRh 2 Si 2 , for which non-Fermi-liquid behavior has been recently found. Although weak antiferromagnetic order occurs at 65 mK, 9 the magnetic specific heat divided by temperature, C M /T, reaches a gigantic value, ∼1000 mJ mol -1 K -2 , at low temperature. Weak two-dimensional antiferromagnetic fluctuations are most likely the cause of the non-Fermi liquid behavior. 10 It has been previously reported that YbAlB 4 , like other Yb-based compounds, displays mixed valence behavior. 11 We have found that there are actually two polymorphs of YbAlB 4 . To our knowledge, this is the first time that the second polymorph, to which we will refer to as -YbAlB 4 , has been synthesized and characterized. In this paper, we report on the single-crystal growth and structural characterization of the R-and -forms of YbAlB 4 . Our magnetic and thermal measurements reveal that both R-YbAlB 4 and -YbAlB 4 exhibit a heavy fermion ground state with no magnetic order at least down to 350 mK. Interestingly, the γ value of -YbAlB 4 is large, ∼300 mJ mol -1 K -2 at 350 mK, which is more than twice lager than the γ ∼100 mJ/ (mol of Yb)‚K 2 for R-YbAlB 4 .
Experimental Section
Synthesis. Single crystals of LnAlB 4 (Ln ) Yb, Lu) were grown from Al flux. The stoichiometric ratio of Ln:4B was heated in excess Al in an alumina crucible under an Ar atmosphere to 1723 K and then slowly cooled to 1273 K at 5 K h -1 . At 1273 K, the furnace was switched off, and the sample was allowed to cool to room temperature. The crucible was then removed from the furnace. After the excess Al flux was etched using a NaOH solution, a mixture of both needle-and platelike crystals were found.
Chemical compositions of single crystals were determined by a scanning electron microscope (SEM, JEOL JSM5600) equipped with energy-dispersive X-ray spectroscopy (EDS, Oxford LINK ISIS) at ISSP, and the analysis of both polymorphs are in good agreement with the ideal compositions of YbAlB 4 within the error.
We also note that our preliminary measurements of the resistivity indicate that the residual resistivity ratios (RRR) of both polymorphs are on the order of 100, which suggests that crystals are of good quality. One explanation for the presence of two polymorphs at the synthesis temperature is that if the temperature was quickly ramped up to 1873 K, more of the alpha phase crystals would be synthesized, in comparison with the heat treatment at 1673 K. This suggests that the alpha phase would be the high-temperature phase. Given that these phases are grown in flux, transformation from one polymorph to the other is also possible during cooling.
X-ray Diffraction. Silver-colored fragments of the needle-shaped R-YbAlB 4 single crystal with dimensions of 0.05 × 0.05 × 0.05 mm 3 and the platelike -YbAlB 4 crystal with dimensions of 0.06 × 0.02 × 0.02 mm 3 were mounted on glass fibers with epoxy and aligned on a Nonius Kappa CCD X-ray diffractometer separately. Intensity measurements were performed using graphite monochromated Mo KR radiation (λ ) 0.71073 Å). Data were collected at 298 K. Crystallographic parameters for R-and -LnAlB 4 (Ln ) Yb, Lu) are given in Table 1 . Unmerged data were treated with a semiempirical absorption correction by SORTAV. 12 The structural model was refined using SHELXL97. 13 To correct the data, an extinction coefficient was determined from the least-squares cycles and the atomic positions were refined with anisotropic displacement parameters. Similar procedures were followed for the LuAlB 4 needle-and plate-shaped crystals. Atomic positions and displacement parameters for R-and -LnAlB 4 (Ln ) Yb, Lu) are provided in Tables 2a and 2b , and selected interatomic distances and bond angles for R-and -YbAlB 4 are listed in Table 3 .
Physical Property Measurements. The temperature dependence of the magnetic susceptibility has been measured using a Quantum Design SQUID magnetometer in a field of 0.1 T along both the 
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Results and Discussion
Crystal Structure. The needle-and platelike morphologies correspond to two different crystal structures. The previously reported crystal structure of YbAlB 4 14 is isostructural to YCrB 4 and corresponds to our needle-shaped crystals, which we refer to as R- 
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The boron layers along the ab-plane in R-and -YbAlB 4 are shown in Figures 2a and 2b, related to similar structures. 19 In R-and -YbAlB 4 , the B-B interatomic distances within the ab-plane are 1.74(2) and 1.867(18) Å, similar to the average homoatomic bonding distance of 1.796(28) Å in alpha, tetragonal, and rhombohedral polymorphs of boron.
20
Although the packing arrangements within the B layers distinguish the two polymorphs, the Yb/Al layers are quite similar. In both structures, Yb atoms are centered between two heptagonal rings, and Al is centered between two pentagonal rings. For -YbAlB 4 , Yb-B distances range between 2.616(14) and 2.723(11) Å, and Al-B interatomic distances are between 2.253(13) and 2.356(8) Å, whereas in R-YbAlB 4 , Yb and B are separated by 2.600(10)-2.738-(9) Å and Al and B by 2.260(7)-2.365(9) Å. These distances are suggestive of bonding according to the sum of the atomic radii of Yb (1.74 Å), Al (1.43 Å), and B (0.98 Å); 21 thus, Yb most likely bears a valence of 3+. For both the R-and -polymorphs, the Yb-Yb distance is shortest for that along the c-axis, which is given by the c-axis parameter of ∼3.5 Å. This is also the distance between the B layers. On the other hand, Yb-Yb distances in the ab-plane are 3.740 and 3.777 Å for R-YbAlB 4 and 3.715 and 3.772 Å for -YbAlB 4 . Yb and Al atoms are separated by 2.974 and 3.094 Å for the R-phase and by 2.977 and 3.099 Å for the -phase, similar to bonding distances of ∼2.97 and ∼3.27 Å in YbAl 2 22 and YbAl 3 , 23 respectively. Figure 3 shows the temperature dependence of the susceptibility for both R-and -YbAlB 4 . Both exhibit nearly the same temperature dependence. Interesting to note for these materials is the strong Ising anisotropy along the c-axis. ) 2 ) 1/2 is about 2.9 µ B /Yb for both phases, and much smaller than 4.53 µ B /Yb, the expected value for J ) 7 / 2 full multiplet of Yb 3+ . This suggests a strong crystal field effect due to the low spatial symmetry at the Yb sites. Generally, for the Kondo lattice systems, the Weiss temperatures (θ) give roughly the square root of 2 times the Kondo temperature, 24 and θ values are found -190(9) K for the R-phase and -195(9) K for the -phase. Thus, for these systems, the Kondo temperature is roughly the same, ∼130 K, a typical value for intermediate valence systems. Figure 4 shows the temperature dependence of the specific heat divided by temperature, C p /T for both R-and -YbAlB 4 .
In comparison with these results, C p /T for both LuAlB 4 phases is small (below 20 K), as can be typically seen for the data of R-LuAlB 4 in Figure 4 . No nuclear contribution from Yb, Al, and B is expected above 0.35 K. Furthermore, no anomaly due to the magnetic ordering is found, and thus, the data in Figure 4 should represent the electronic contribution. Notably, the C p /T for both polymorphs starts increasing below ∼10 K, indicating the heavy fermion formation at low temperatures. On further cooling, the C p /T for the R-phase increases and saturates near 130 mJ mol -1 K -2
, whereas C p /T for the -phase increases more rapidly on cooling, reaching 300 mJ mol -1 K -2 at 0.35 K (the lowest temperature measured). The integration of C p /T up to 20 K yields the entropy of approximately 1400 mJ mol -1 K -2 , less than onefourth of R ln 2. This indicates that the ground states of both the R-and -phases are most likely heavy fermion states based on a ground-state doublet. The enhancement of the electronic specific heat coefficient γ in the -phase relative to that of the R-phase is interesting and may be related to the higher symmetry of the crystal structure of the -phase. We plan to perform further detailed measurements to reveal the relationship between the structures and the physical properties.
